1. Introduction {#sec1}
===============

White matter (WM) pathways play an essential role in the human brain by connecting distributed regions and enabling efficient exchange of information. WM is crucial for efficient cognitive functioning ([@bib43]), and changes in its make-up shape human behavior and underlie learning ([@bib181]). During the aging process, WM loss outpaces the loss of gray matter ([@bib55]), and decline in WM integrity is associated with cognitive decline and variation in performance ([@bib17], [@bib165]). WM decline further increases risk of various brain disorders ([Fig. 1](#fig1){ref-type="fig"}) and is a feature of several dementias ([@bib39], [@bib43], [@bib119]). In Alzheimer\'s disease (AD), for instance, WM abnormalities have consistently been implicated in its pathogenesis and are now considered a core feature of AD ([@bib108]). WM disruption, including myelin loss and oligodendrocyte dysfunction, may be among the earliest pathological changes in AD, has been related to AD-related cognitive deficits, and could be considered as a target for early treatment ([@bib108]). Encouragingly, WM of the adult brain demonstrates plasticity, with structural changes including myelin formation and remodeling occurring over hours, days, weeks, and months ([@bib131]).Fig. 1Modifiable factors linked to adverse health outcomes. A range of modifiable factors have been linked to adverse health outcomes in aging, including cognitive decline and dementia ([@bib39], [@bib119]). A substantial body of work has implicated the brain in this pathway. For years, researchers have focused on the mediating role of gray matter in the relationship between lifestyle factors and health outcomes. However, it has become increasingly clear that white matter structure is an important mediator too. For instance, white matter macrostructural alterations, such as hyperintensities, are well-known to increase risk for dementia and stroke ([@bib39]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Over the past decades, the scientific community has become increasingly interested in lifestyle factors that may modulate WM decline, in attempts to slow, delay, or prevent age-related cognitive deficits ([@bib90]). Various factors have been identified, including cardiovascular risk factors (e.g., hypertension, diabetes, and obesity), psychosocial factors (e.g., depression and social isolation), and health behaviors (e.g., physical inactivity, smoking, and hearing loss) ([@bib90]). Studies that have examined the association between such factors and WM structure are backed by theories of brain reserve ([@bib11], [@bib144])*,* which suggest that higher levels of, for example, WM (such as volume or microstructure) correspond to a better tolerance of age- and disease-related damage. Whereas the relationship between modifiable factors and age-related changes in the brain\'s gray matter has been the subject of reviews ([@bib7], [@bib45]), the association between lifestyle factors and WM has received much less attention.

To inform discussions and recommendations on how best to promote healthy brain aging, it is important to consider the extent to which modifiable factors can prevent, slow, or even reverse age-related WM decline. In this review, we focus on evidence from diffusion tensor imaging (DTI) studies that have examined modifiable factors proposed to alter the brain\'s WM microstructure during aging. We begin by highlighting common DTI measures of WM microstructure and their age-related patterns of change. Then, for each modifiable factor, we first summarize findings of studies that have examined whether there is a relationship between the factor and WM microstructure, before assessing the evidence of whether modifying the factor also modifies WM microstructure. Finally, we discuss how this field can contribute to public health policy going forward.

2. Search strategy and selection criteria {#sec2}
=========================================

This review summarizes the evidence regarding the relationship between WM microstructure and a range of modifiable risk factors in healthy aging populations (mean age above 60 year old). We included both established modifiable risk factors for dementia that have been highlighted by major reviews in this field (hearing loss, hypertension, obesity, diabetes, smoking, depression, physical (in) activity, and social isolation ([@bib10], [@bib90])) and also emerging modifiable factors that have been linked to cognitive decline and dementia (sleep disturbances \[[@bib176]\], cognitive training \[[@bib90]\], diet \[[@bib90]\], and meditation \[[@bib125]\]). We identified DTI studies of these modifiable factors by searches of PubMed database between January 1, 2012, and March 20, 2019, and references from relevant articles. A combination of the following search terms was used: "white matter integrity or microstructure", "diffusion tensor imaging", "ageing", "older adults", "modifying factors or risk factors", "hearing loss or presbycusis", "vascular factors", "hypertension", "overweight or obesity", "diabetes", "social isolation or loneliness or social activity", "smoking", "sleep", "sub-clinical or sub-threshold depression", "physical activity", "diet or nutrition", "cognitive training", "meditation". There were no language restrictions. We prioritized studies with a sample size of above 100 for cross-sectional studies, or above 50 for longitudinal studies or randomised controlled trials, for each modifiable factor. If there was a small number of well-sampled studies, we widened our review to consider evidence from studies with smaller sample sizes or younger mean age.

3. Measuring WM microstructure {#sec3}
==============================

While, traditionally, MR studies in the field of aging and dementia have examined WM macrostructure, such as WM hyperintensities, DTI has expanded the field of research by providing a means for the noninvasive and in vivo examination of WM microstructure ([@bib84]) (see [Supplementary Material](#appsec1){ref-type="sec"} for alternative methods of WM imaging). DTI can reveal subtle impairments in WM microstructural before they can be detected using conventional MR methods ([@bib119]), thus providing complementary information to traditional MR methods that may help earlier (or differential \[[@bib148]\]) diagnosis of disease and advance our understanding of WM degeneration.

DTI is sensitive to the diffusion of water molecules, which is dependent on the presence or absence of barriers in neural tissue ([Fig. 2](#fig2){ref-type="fig"}). If no barriers are present, such as in the cerebrospinal fluid, water diffuses uniformly in all directions (i.e., isotropic diffusion). By contrast, if water movement is restricted in any direction, diffusion tends to follow the long axis of those barriers (i.e., anisotropic diffusion). Within WM, microstructural barriers such as axonal cell membranes and myelin sheaths restrict perpendicular water diffusion, causing the primary direction of diffusion to run along the fiber bundle.Fig. 2Isotropic and anisotropic diffusion and the tensor model. The diffusion trajectory (*top row*) of water is different in the presence or absence of barriers. The tensor model describes water diffusion at each voxel *(bottom row).* In the model, water diffusion is characterized by its 3 principal eigenvectors and their associated eigenvalues (λ1, λ2, λ3). The DTI parameters---FA, MD, RD, and AxD---can be computed from the eigenvalues of the tensor. Fractional anisotropy (FA) reflects the shape of the tensor and has higher values with more ellipsoid shape tensors (i.e., with anisotropic diffusion---*bottom right*)*.* Mean diffusivity (MD) is the magnitude of diffusion and can be computed by averaging the eigenvalues of the tensor \[(λ1 + λ2 + λ3)/3\]. Radial diffusivity (RD) reflects the diffusion perpendicular to the long axis of the tensor and can be computed by averaging eigenvalues λ2 and λ3 \[(λ2 + λ3)/2\]. Axial diffusivity (AxD) reflects the diffusion along the long axis of the tensor and is equal to λ1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

By fitting a diffusion tensor model to each voxel, several useful parameters can be computed that provide information about WM microstructure. The most common metrics are fractional anisotropy (FA) and mean diffusivity (MD). FA represents the fraction of the tensor that can be ascribed to anisotropic diffusion and ranges from zero to one, with higher FA values reflecting increased diffusion directionality. MD reflects the magnitude (i.e., rate) of water diffusion, with higher values denoting increased diffusion. Additional information can be gained from the diffusivities parallel (axial diffusivity, AxD) or perpendicular (radial diffusivity, RD) to the long axis of the tensor.

These metrics may be compared across the whole brain using voxel-based analysis (VBA) or tract-based spatial statistics, or locally in a priori--defined regions using a region of interest (ROI) or tractography-based approach ([@bib112]). VBA involves spatially normalizing participants\' scans to a standard space and performing voxelwise between-group statistics but is limited by the accuracy of spatial normalization and the amount of spatial smoothing of data ([@bib1], [@bib70]). Tract-based spatial statistics determines an average FA tract skeleton onto which all participant\'s FA data are projected, before applying voxelwise statistics ([@bib139]). This approach requires no smoothing and minimizes registration problems, which makes it more robust and sensitive than VBA, yet it limits the analysis to the core of the WM ([@bib139]). On a local level, ROI and tractography approaches have been used to examine a priori--defined regions. ROI analysis involves manual or automatic (atlas-based) delineation of an ROI and its placement over a predefined region to extract some statistic of interest (e.g., mean value). This method avoids registration errors, but cannot detect localized changes within structures and manual placement is susceptible to user bias. Tractography algorithms use local information on orientation to reconstruct WM tracts, by propagating from a specific source region or between a source and target region. Although this method allows subject-specific tracts to be traced and quantified, its tracking is not always accurate (i.e., false positive and negative connections) and manual delineation of seed regions could be prone to user bias ([@bib68], [@bib67]).

Although DTI is highly sensitive to changes in WM microstructure and provides an excellent marker for microstructural change, it lacks specificity toward WM tissue properties, such as myelination or axon diameter ([@bib2], [@bib71], [@bib110]). FA, for instance, is sensitive to a multitude of WM features, including myelination, fiber density, fiber organization, and axonal degeneration ([@bib13]). More distinct anatomical features have been related to AxD and RD, with animal studies suggesting that lower AxD is related to axonal injury and higher RD reflects demyelination ([@bib141], [@bib147]). It is now well-accepted, however, that DTI metrics can be affected by various factors, including fiber arrangement, axon density, and cell swelling ([@bib71], [@bib156], [@bib169]), which limit the biological interpretability of these metrics. In general, however, a decline of WM structure (e.g., loss of myelin) results in lower WM directionality, reflected by lower FA and higher MD values ([@bib17]). Alternative biophysical models have recently been developed to better assess WM tissue microstructure (see [Supplementary Material](#appsec1){ref-type="sec"}) ([@bib2], [@bib109]).

4. White matter microstructure, aging, and dementia {#sec4}
===================================================

It is now well established that WM integrity declines with age ([@bib17]). This process typically begins between the third and fifth decade of life ([@bib76], [@bib85], [@bib135]), is thought to accelerate with age ([@bib135]), and is associated with a high degree of interindividual variability ([@bib14]). Across many cross-sectional DTI studies of aging, the general trend of findings is a global decrease in FA and increase in MD and RD values as a function of increasing age, whereas changes in AxD have been less consistent ([@bib17], [@bib33], [@bib35]). Support for these results has recently been provided by longitudinal studies ([@bib15], [@bib14], [@bib36], [@bib135]) that can account for individual differences at the baseline and thus better characterize age-related changes in WM microstructure. In general, the pattern of WM changes suggested by these studies is consistent with postmortem histological studies that have shown degeneration and deformation of axons and myelin with aging ([@bib116]).

Age-related decline of WM integrity has also been examined on a regional or tract-specific level. Although findings vary by the type of study (i.e., cross-sectional vs. longitudinal) ([@bib14]), the DTI analysis technique used (e.g., voxelwise or tract-based), and the age range of the sample included, some regions have shown to be consistently affected with aging. Specifically, it has been proposed that age-related degeneration is particularly prevalent within the frontal lobe ([@bib17]), follows posterior-to-anterior ([@bib146]) and inferior-to-superior ([@bib135]) gradients of lesser-to-greater vulnerability, and predominantly affects thalamic radiations and/or association fasciculi ([@bib15], [@bib16], [@bib24], [@bib33]). Such findings have led researchers to postulate the retrogenesis hypothesis, which states that late-myelinating tracts, such as the association fibers, are the first to degenerate with aging ([@bib12], [@bib24]). Crucially, integrity of these affected tracts has been associated with various cognitive functions ([@bib95]) and loss of their integrity is thought to contribute to age-related cognitive decline.

Loss of WM integrity is also a feature of the common dementia subtypes, such as AD, Lewy-body dementia, vascular dementia, and frontotemporal dementia ([@bib32], [@bib134], [@bib148], [@bib178], [@bib179]). A decline in integrity of major WM tracts, including the association fasciculi, has been reported in all these subtypes ([@bib148]), may precede GM atrophy ([@bib129]), and could help explain the well-described cognitive deficits. Interestingly, several studies demonstrate that the degree of WM microstructural abnormalities may be related to dementia severity ([@bib5], [@bib148]), which could further improve monitoring of disease progression.

5. Modifiable factors and WM microstructure {#sec5}
===========================================

Previous studies have identified a set of common mid- to late-life modifiable factors that are linked to an increased risk for dementia ([@bib10], [@bib90]). Established modifiable factors include hearing loss, hypertension, obesity, diabetes, smoking, depression, physical (in) activity, and social isolation. Here we discuss evidence for a relationship between these factors and WM integrity during aging. We also review modifiable factors that we consider to be upcoming and that are linked to cognitive decline and dementia, such as sleep disturbances ([@bib176]), cognitive training ([@bib90]), diet ([@bib90]), and meditation ([@bib125]).

5.1. Hearing loss {#sec5.1}
-----------------

Hearing loss is common among older adults and is associated with cognitive impairment and dementia ([@bib90]). In cross-sectional studies involving young adults, hearing impairments are related with loss of WM integrity, but studies in older adults are still sparse ([@bib153]). In a small study (n = 29), lower FA and higher MD, RD, and AxD was found in parts of the auditory pathway of older adults with age-related hearing loss ([@bib94]). No such relationships were found, however, in a similarly small study (n = 44) comparing older adults with mild or severe age-related hearing loss and young controls ([@bib120]). In a recent population-based study of middle-aged to older adults ([@bib123]), worse hearing was correlated with lower FA and higher MD, independent of age, WM lesions, or cardiovascular factors (e.g., blood pressure). Regionally, lower FA was observed in the superior longitudinal fasciculus, as well as lower FA and higher MD in the uncinate fasciculus. Although the evidence is limited, these results, and findings in young adults, suggest that hearing impairments may be related to compromised WM integrity. However, whether lower WM integrity is the cause or the effect of hearing loss cannot be established; longitudinal studies are needed to confirm these findings. It would also be of interest to explore whether WM loss is reversible with treatment such as hearing aids, despite some evidence suggesting that such devices may not improve cognitive performance ([@bib107]).

5.2. Hypertension {#sec5.2}
-----------------

Hypertension, or high blood pressure, in middle-aged and older adults is related to DTI metrics that reflect compromised WM integrity, particularly lower FA and higher MD values ([@bib4], [@bib14], [@bib35], [@bib51], [@bib56], [@bib96], [@bib100], [@bib118], [@bib130], [@bib149]) (but see the study by [@bib15], [@bib36], [@bib128]). Interestingly, the associations between blood pressure and FA and MD are already detectable in preclinical stages ([@bib96], [@bib130]) (but see the study by [@bib149]), and remain significant after controlling for age and WM lesions ([@bib118], [@bib130]). Higher arterial stiffness has been identified as a cause of higher blood pressure, which increases with aging, and has shown a negative association with WM integrity ([@bib98]). A recent study reported a significant hypertension by age interaction, suggesting accelerated WM loss (reflected by higher MD, AxD, RD) in middle-aged hypertensive adults, but only in the left hemisphere ([@bib128]). Findings from a small number of longitudinal studies that have examined the relationship between WM integrity and hypertension over a period of 2 to 10 years have, however, been inconsistent. In one study, lower FA was found in older participants with higher mean and more variable blood pressure trajectories compared to those with more stable trajectories (adjusted for age, race, and cardiometabolic markers) ([@bib124]). However, other studies reported no relationship between diagnosed hypertension and (change in) FA or diffusivity measures ([@bib15], [@bib36]), or even higher FA, albeit in a cohort combining young and older adults ([@bib14]). Associations between hypertension and WM integrity follow spatial patterns that are similar to those reported for aging. For example, lower FA and higher MD values have been reported in anterior parts of the corpus callosum ([@bib35], [@bib56], [@bib96], [@bib130]) (but see the study by [@bib118]), anterior thalamic radiation ([@bib28], [@bib100]), in various association tracts ([@bib4], [@bib28], [@bib35], [@bib56], [@bib96], [@bib100], [@bib124], [@bib149]), particularly the uncinate and superior longitudinal fasciculi, as well as in more central and posterior regions ([@bib118], [@bib130]). Only a handful of studies have examined the relation of hypertension with RD and AxD, generally showing positive associations in regions similar to those reported for FA ([@bib14], [@bib28], [@bib100], [@bib130]).

Several studies have suggested that treatment of hypertension may slow down or reverse WM abnormalities. Cross-sectional studies have found reduced associations between measures of blood pressure and FA in treated compared with untreated participants ([@bib98], [@bib130]), possibly reflecting a therapeutic effect of treatment on WM damage ([Table 1](#tbl1){ref-type="table"}). However, higher WM integrity in untreated compared with treated participants has also been reported ([@bib51], [@bib149]), possibly because medicated hypertensives had more sustained and severe hypertension that resulted in irreversible WM damage before being treated ([@bib149]). In addition, higher WM integrity has been found for participants receiving adequate versus inadequate treatment ([@bib51]), although other studies demonstrated no such differences ([@bib100]). A longitudinal study reported that longer duration of hypertension treatment was related to increased FA in the corpus callosum over time ([@bib14]), suggesting that early intervention may prevent WM deterioration. In women only, however, longer treatment for hypertension was related to lower baseline FA of the forceps minor and increased FA decline of the superior longitudinal fasciculus ([@bib14]). Given that a recent study has shown that blood pressure control reduces risk of mild cognitive impairment ([@bib172]), it will be of interest if intervention studies include imaging outcomes, such as diffusion MRI, as part of their assessments. Indeed, findings from a randomized open-label trial may elucidate the effects of antihypertensive therapy on WM integrity in older adults ([@bib170]).Table 1Overview of the evidence for modification of risk factors on WM integrityStudySampleDesignDTIMain findingsHearing lossNo evidence, need for longitudinal studies that examine the effects of hearing aidsHypertensionPreliminary evidence for treatment of hypertension, mainly from cross-sectional studies [@bib51]499 older adults with CSVD; aged 50--85 y\
271 on medicationCross-sectionalROI (1.5 T)Lower FA and higher MD in CC individuals without adequate treatment compared with those with adequate treatment.\
Note, higher WM integrity in untreated compared with treated individuals. [@bib130]128 older adults aged 43--87 y\
61 on medicationCross-sectionalROI on TBSS skeleton (1.5 T)Significant blood pressure by medication status interactions were found in various regions, showing reduced associations with FA in individuals using antihypertensive medication compared to those that were not using medication. [@bib98]1903 adults aged 24--76 y\
328 on medicationCross-sectionalVoxelwise (1.5)Significant interaction of aortic stiffness with medication, suggesting a reduced association of aortic stiffness with FA in CR individuals receiving antihypertensive treatment (controlled for age and sex). [@bib149]4659 adults; mean age 62.3 y\
1047 on medicationCross-sectionalTractography (3T)Lower global FA and higher MD in medicated compared with unmedicated individuals. Furthermore, lower FA was found in the SLF, anterior TR (right) and posterior TR (left), Fmin, as well as higher MD in the SLF, ILF, anterior TR (left) and acoustic radiation (left) (groups were matched on several covariates). [@bib14]96 adults aged 19--78 yLongitudinal (2 y follow-up)ROI on TBSS skeleton (4T)More years of hypertension treatment were related to greater increases in FA in the CC (body). Furthermore, longer duration of treatment was significantly related to lower baseline forceps minor FA and increased SLF FA decline for women, but not men (corrected for age, interval between scans).DiabetesNo evidence, need for longitudinal studies that examine the effects of diabetes medicationObesityPromising evidence for treatment of obesity, but not in older adults [@bib79]\
 [@bib133]18 overweight children aged 8--11 y old8-mo after school intervention of either (1) aerobic exercise, or (2) sedentary attention controlTractography (3T)[@bib79]: significant time by group attendance interaction, showing higher FA and lower RD in SLF with higher attendance in the exercise group only (corrected for age and sex).\
[@bib133]: Higher FA and lower RD in, respectively, bilateral and left UF after exercise (controlled for race and sex).[@bib183]33 adults, of which 15 morbidly obese; mean age 25.8 y (obese) and 27 y (controls)MRI scan before and 1-mo after bariatric surgery in morbidly obeseTBSS (3T)Before surgery, the morbidly obese had lower FA and higher MD compared with normal weight controls. From pre- to post surgery, the morbidly obese individuals had higher FA in CR, CC (body, genu), FNX, ST, ILF, IFOF, and lower MD in left CR, left EC, left IC, left SLF and left sagittal stratum (ILF, IFOF) (controlled for age, sex, anxiety and depression).SmokingPromising evidence, but cross-sectional designs [@bib50]503 older adults with CSVD; aged 50--85 yCross-sectionalWhole brain (1.5 T)A significant association between the length of smoking cessation and lower MD and higher FA values (controlled for age, sex, alcohol intake, education, and cardiovascular risk factors). [@bib35]4532 aduls; aged 45.7--100 yCross-sectionalTractography (1.5 T)Current smokers had significantly lower FA in Fmin and CST compared with former smokers, but not individuals who never smoked. Current smokers had higher MD in Fmin, CST, medial lemniscus, superior TR compared with never or former smokers; no significant differences between former or never smokers (controlled for age, sex, ICV and tract-specific volume and WM lesion volume).Depressive symptomsPromising evidence from research into major depression [@bib166]43 adults, of which 21 MDD; mean age 29.6 y (MDD)MDD patients received 4-wk of psychotherapyVoxelwise (3T)After treatment, patients had higher FA in the left superior frontal cortex and lower FA in the right angular cortex WM (corrected for age and sex). [@bib93]28 adults, of which 20 MDD; mean age 41.15 y (MDD)MRI scans before, after the second and within 1 wk of completion of electroconvulsive therapy (ECT) series in MDD patientsTBSS (3T)MDD patients had significantly higher FA and lower MD and RD in anterior CIN, Fmin, left SLF between baseline the third time point of ECT (transition to maintenance therapy), as well as lower MD and RD in anterior TR (corrected for age and sex).Social isolationPreliminary evidence from research into socially engaging activities [@bib104]155 adults; mean age 40.7 yCross-sectionalTractography (3T)Higher global FA was related to diversity of a person\'s social network (controlling for age, sex, education, and central adiposity). [@bib78]70 older adults time point 1, 37 older adults time point 2; aged \>81 yLongitudinal (3-y follow-up)TBSS (1.5 T)Higher FA and lower MD in the CST is related to higher engagement in social activities (change--change association); no relationships between WM integrity and social activities were found at baseline (corrected for age, sex, and education).SleepPreliminary evidence from research into sleep apnea and sleep medication [@bib29]28 adults, of which 13 obstructive sleep apnea; aged 30--55 yMRI before, after 3 and 12 mo of CPAP treatmentTBSS (3T)Patients had lower FA and MD at baseline compared with controls, in various regions, including the SLF, UF, deep frontal WM.\
After 3 mo of CPAP, lower FA and MD were detected in similar regions, such as SLF and UF, but to a lesser extent. After 12-mo of CPAP, lower FA and MD were only still visible in the SLF, but to a lesser extent than at 3 mo or baseline. [@bib46]641 adults; aged 18--98 yCross-sectionalROI (3T)Sleep medication was associated with higher FA in CST, as well as higher FA in SLF of older adult (age by sleep interaction).[^1]

5.3. Obesity {#sec5.3}
------------

White matter (WM) integrity has shown to be particularly vulnerable to the effects of obesity ([@bib80]). Across many cross-sectional studies, obesity and higher BMI have been associated with lower whole-brain and tracts-specific FA values in older ([@bib19], [@bib23], [@bib126]), but also middle-aged adults ([@bib4], [@bib80], [@bib114], [@bib122], [@bib142], [@bib184]) (but see the study by [@bib21], [@bib56]). Interestingly, a negative association has also been reported between higher abdominal fat mass, but not BMI, and FA ([@bib127]), and lower WM integrity (i.e., lower FA) is already present in obese nondiabetic adolescents with metabolic syndrome ([@bib177]). Diffusivity measures have shown a less consistent pattern, with generally lower AxD and mixed results for RD and MD ([@bib4], [@bib81], [@bib126], [@bib159]). Regionally, the corpus callosum, particularly the genu, has shown WM degeneration with higher BMI, reflected in lower FA, higher RD, and lower AxD values ([@bib4], [@bib19], [@bib114], [@bib126], [@bib142], [@bib143], [@bib184]). These effects remained after controlling for age and vascular and inflammatory markers ([@bib19], [@bib122], [@bib184]). In addition, a significant BMI by age interaction was found within the corpus callosum in one study ([@bib143]), but not other studies ([@bib23], [@bib184]), indicating that well-controlled longitudinal studies are now needed to examine whether obesity exacerbates age-related WM decline. Other regions that show WM degeneration with higher BMI are the cingulum ([@bib19], [@bib114]), the fornix ([@bib19], [@bib143]), and corona radiata ([@bib80], [@bib126], [@bib184]), as well as several association fibers, including the uncinate, superior longitudinal, and inferior fronto-occipital fasciculi ([@bib23], [@bib73], [@bib114], [@bib122]).

To our knowledge, no clinical trial has been conducted to determine the effect of obesity treatment on WM integrity in older adults. In overweight children, intervention studies have shown a beneficial effect of exercise and attendance at an exercise program on WM integrity of the uncinate fasciculus ([@bib133]) and superior longitudinal fasciculus ([@bib79]), respectively. A recent study has shown recovery of WM integrity abnormalities in morbidly obese individuals 1 month after bariatric surgery ([@bib183]). These preliminary studies involving small groups of young people suggest that obesity-related WM degeneration is reversible and highlight the need for intervention studies in older adults.

5.4. Diabetes mellitus {#sec5.4}
----------------------

A decline in WM integrity has consistently been reported in patients with diabetes mellitus ([@bib20]). This negative relationship is true for both diabetes type I ([@bib20]), which commonly has a childhood onset, and for type II ([@bib42], [@bib63], [@bib64], [@bib121], [@bib151], [@bib159], [@bib174], [@bib182]), which is more common among older adults, and is therefore the focus of this section. Most studies, all cross-sectional in design, have shown a global and regional decrease in FA and increase in MD values in middle- to old-aged patients with type II diabetes compared with age-matched controls ([@bib42], [@bib63], [@bib64], [@bib121], [@bib151], [@bib174]), as well as higher RD and AxD values, albeit less consistently ([@bib159], [@bib182]). The associations remain significant after controlling for differences in hypertension, BMI, and WM hyperintensities ([@bib42], [@bib121]). Longer disease duration was found to be related to worse WM integrity, indicated by higher diffusivity values ([@bib64]). Regionally, changes in WM with type II diabetes vary between studies, likely because of differences in sample characteristics (e.g., age, size) and analysis techniques used. For example, in one study, using tractography in older adult diabetics and nondiabetics, lower FA, and higher MD, RD, and AxD in the uncinate fasciculus have been reported ([@bib121]), as well as diffusivity differences in inferior and superior longitudinal fasciculi. Diabetes-related degeneration of these tracts has been confirmed by other studies ([@bib63], [@bib151], [@bib182]). Abnormalities have also been found in frontal WM ([@bib42], [@bib64]), the thalamic radiation ([@bib151], [@bib182]), and the internal capsule and corona radiata ([@bib174], [@bib182])---tracts known to degenerate with aging. Longitudinal studies are needed to determine the effects of diabetes medication on WM integrity.

5.5. Smoking {#sec5.5}
------------

The association between tobacco smoking and WM integrity is complex. Cross-sectional studies examining WM integrity in middle-aged ([@bib87], [@bib132], [@bib158], [@bib163]) and older ([@bib35], [@bib50]) smokers have shown lower FA and higher MD values compared with nonsmokers or former smokers, even after correction for age, blood pressure, BMI, diabetes, and alcohol consumption ([@bib50]). In addition, longer duration of smoking has been related to worse WM integrity ([@bib8], [@bib87], [@bib158], [@bib163]). Tract-specific changes have most frequently been observed in the corpus callosum and internal capsule, showing lower FA in smoking adults ([@bib35], [@bib87], [@bib132], [@bib158], [@bib163]). MD, RD, and AxD changes have been examined less often, but seem to support WM degeneration in those tracts (i.e., higher MD and RD, lower AxD). While such results are consistent with other vascular risk factors, they contrast to studies in adolescents and young adults, which have consistently shown increased FA values in smokers compared with nonsmokers ([@bib48]). In addition, acute administration of nicotine ([@bib77]) and light-smoking or low nicotine dependence in middle-aged adults ([@bib65]) have been related to higher FA values. One hypothesis for this discrepancy is that there are deleterious effects of chronic, heavy-smoking on WM integrity with aging ([@bib77]). However, this hypothesis is yet to be examined by longitudinal studies.

Some evidence suggests that quitting smoking may reverse impaired WM integrity. A cross-sectional study has shown that FA and MD values of participants who quit smoking (\>20 years ago) were comparable with those who never smoked ([@bib50]). In another study, lower FA was found in the forceps minor and corticospinal tract for current compared with former smokers ([@bib35]).

5.6. Depressive symptoms {#sec5.6}
------------------------

While many studies have reported WM degeneration in late-life major depression, particularly in the frontal lobe, corpus callosum, uncinate fasciculus, and cingulum ([@bib168]), it has recently become clear that WM decline is also present in older adults with subthreshold depression ([@bib3], [@bib57], [@bib58], [@bib101], [@bib157]). The available evidence consistently indicates lower global FA in large samples (N \> 300) of old adults with subthreshold depression ([@bib3], [@bib58], [@bib101], [@bib157]), and some studies have found support for higher MD, RD, and AxD ([@bib3], [@bib57]). Subthreshold depressive symptoms have primarily been associated with degeneration of frontal WM tracts, such as the anterior cingulum, corpus callosum, and uncinate fasciculus ([@bib3], [@bib58], [@bib101], [@bib157]), but temporal and occipital tracts have been implicated too ([@bib3], [@bib157]).

Although no subthreshold depression intervention studies have been published to date, treatment of major depression demonstrates reversibility of impaired WM integrity. Studies using electroconvulsive therapy ([@bib93]) and psychotherapy ([@bib166]) have shown higher FA after treatment; the former showing increased WM integrity in regions typically affected in major depression. Hence, future intervention studies in subclinically depressed patients are desired.

5.7. Physical activity {#sec5.7}
----------------------

Physical activity and fitness are widely regarded as important factors for cognitive and brain health, and current evidence suggests that these factors preserve WM integrity in older adults. A recent systematic review indicated higher FA in physical active or fit individuals, with less, but consistent, evidence for either lower or unchanged diffusivity values (MD, RD, AxD) ([@bib136]). Regionally, higher levels of physical activity or fitness have been related to higher FA in many tracts, but most consistently in the corpus callosum ([@bib25], [@bib59], [@bib111], [@bib155], [@bib162]), corona radiata ([@bib111], [@bib140], [@bib162]), fornix ([@bib111]), internal capsule ([@bib25], [@bib111], [@bib140]), cingulum ([@bib111], [@bib155]), and several association tracts, among them the superior longitudinal ([@bib111], [@bib155]), inferior fronto-occipital ([@bib155]), and uncinate fasciculi ([@bib25]). Diffusivity findings are less clear, with some studies showing that RD reductions accompany FA increases ([@bib140]) and others reporting lower MD or RD in areas unrelated to FA changes ([@bib52]). Although the FA findings are promising, studies suffer from small sample sizes and methodological differences (e.g., in physical activity measures), and the cross-sectional nature of the studies limit causal inferences.

Recent longitudinal and intervention studies ([Table 2](#tbl2){ref-type="table"}) also provide some support for the beneficial effects of PA on WM integrity. A longitudinal study has demonstrated that older adults who maintained physical activity over a 10-year period show smaller increases in AxD ([@bib18]). Findings from an intervention study showed that, despite an absence of differences in DTI measures between the exercise and control groups after intervention, a greater percentage increase in fitness was associated with higher WM integrity (i.e., FA) in prefrontal, parietal, and temporal regions in the exercise group ([@bib164]). Another trial demonstrated higher FA of the fornix after a 6-month dance intervention, whereas lower FA was observed for all other groups (including walking) ([@bib26]). By contrast, a 10-week exercise intervention in a small sample (N = 14) of older adults at risk of dementia did not show changes in WM integrity, but this was likely limited in power ([@bib44]).Table 2Intervention studies of the effect of physical activity, diet, cognitive training and meditation on WM microstructureSampleInterventionDTIMain findingsPhysical activity [@bib164]70 older adults; aged 55--80 yOne year of either (1) walking or (2) flexibility, toning, and balance trainingTBSS and ROI (3T)No significant differences between the groups, but increased aerobic fitness was associated with significant increases in prefrontal, parietal, and temporal FA in the walking group only (controlled for age, sex, and intervention attendance). [@bib26]174 older adults; aged 60--79 y6 mo of either (1) dance, (2) walking, (3) walking + nutrition, (4) active control group (stretching and toning)ROI on TBSS skeleton (3T)A significant time by group interaction was found for the fornix, with higher FA for the dance group, but lower FA for other groups. This effect was driven by RD and MD, which increased to a lesser extent in the dance group compared with the other groups. [@bib44]39 older adults at risk of dementia; aged \>55 y10-wk intervention of either (1) physical exercise: aerobic, strength, coordination, balance, and flexibility elements, or (2) cognitive training, or (3) passive controlROI (1.5 T)No effect of physical exercise on FA compared with control, but fitness level was positively associated with fornix FA at the baseline.Cognitive training [@bib41]41 older adults; aged 42--77 y8-wk of either (1) memory training, or (2) control group: living as usualTBSS (1.5 T)A decrease in FA in the control group compared to the memory training group was reported in areas overlapping the left anterior TR, IFOF, UF, and SLF (controlled for baseline measures). [@bib145]42 older adults; mean age 69 y6 wk of either: (1) Brain Fitness (BF): auditory perception, (2) Space Fortress (SF): visuomotor/working memory, or (3) Rise of Nations (RON): strategic reasoningTBSS (3T)An increase in AxD was found in the Brain Fitness group compared with the other groups from the baseline to follow-up. Increased AxD in BF compared with SF group was reported in: IFOF, ILF, CC, and posterior TR. AxD additionally increased in the SLF, IC, and AR in BF compared with the RON group. [@bib82]12 older adults; aged \>65 y12 wk of either (1) multi-domain cognitive training, or (2) active control: viewing videos and answering questionsTBSS (3T)No significant differences between the groups over time. [@bib30]37 older adults; aged 56--71 y12 wk of either: (1) cognitive training: gist reasoning, or (2) wait-list controlTractography and ROI (3T)Increased FA in the UF of the cognitive training group compared with the control group. [@bib27]48 older adults; aged 65--75 y12 wk of either (1) multidomain cognitive training, (2) single-domain cognitive training: reasoning, (3) control group.TBSS (3T)The control group had higher RD and MD, and lower FA in the posterior CR compared with the multidomain cognitive training group. No differences in DTI measures were found from the baseline to follow-up between the multi- and single-domain cognitive training groups, nor the single-domain and control group (controlling for age, sex, education, and baseline DTI measures). [@bib6]25 older adults; age 56--78 y3 d of object location trainingROI (3T)Higher FA and significantly lower MD in the fornix, but not UF or cingulum, following 3-d of object location training. [@bib37]104 older adults, mean age 73.5 y10 wk of either (1) memory training, (2) active control: popular scientific lectures, (3) passive controlTBSS (3T)Memory performance improved significantly in the memory training group only. Furthermore, negative relationships between memory improvement and MD, AxD, and RD were found in, for MD: anterior CC, the left anterior AR, and the right IFOF, for AxD: right IFOF, and for RD: anterior CC (controlled for age, sex and motion). [@bib38]111 older adults; mean age 73 y10 wk of either (1) memory training, (2) active control: popular scientific lectures, or (3) passive controlTBSS (3T)The memory training group, relative to the control groups, showed an increase in FA and decrease in MD, RD, and AxD in areas overlapping the CC, the CST, the cingulum, the SLF and the anterior TR (controlled for age, sex, motion, baseline WM values and WM hypointensities). [@bib44]39 older adults at risk of dementia; aged \>5510-wk intervention of either (1) physical exercise, (2) cognitive training: auditory processing and working memory, (3) passive controlROI (1.5 T)No effect of cognitive training on FA compared with the control group, but cognitive training skills at the baseline were associated with FA.Diet [@bib173]65 older adults; aged 50--75 y26-wk intervention of (1) either fish oil (2.2 g/d LC-n3-FA) or (2) placeboTBSS (3T)Fish oil supplementation led to significant increases FA as well as decreases in MD and RD, in various areas: the anterior CC, the UF, the IFOF and SLF.Meditation [@bib152]*Study 1:* 45 young adults; mean age 20.58 y\
*Study 2:* 68 young adults; mean age 20.52 y*Study 1:* 4 wk of either (1) integrative body-mind training (IBMT), or (2) relaxation training\
*Study 2:* 2 wk of either (1) IBMT, or (2) relaxation trainingTBSS (3T)*Study 1:* Increased FA and lower AxD and RD in the anterior and superior CR, anterior CC and SLF after IBMT but not relaxation training.\
*Study 2*: Decrease in AxD only in the CC, CR, SLF, posterior TR, and sagittal stratum following IBMT but not relaxation training. [@bib62]46 adults; mean age ∼32 y8-wk of either (1) mindfulness-based stress reduction training, or (2) waitlist controlTractography (3T)Increased FA in right UF following meditation training, but no change in the control group and no significant group by time interaction.[^2]

5.8. Social isolation {#sec5.8}
---------------------

The relationship between social isolation and WM integrity has not received much attention in the literature and, to the best of our knowledge, has not been studied in older adults. A cross-sectional study in young adults ([@bib154]) found a negative relationship between loneliness ratings and FA in 3 ROIs: external capsule, inferior fronto-occipital, and inferior longitudinal fasciculi. More recently, it was shown that the relationship between loneliness and WM integrity in young adults is modulated by the brain-derived neurotrophic factor Val66Met polymorphism. A negative relationship of loneliness with global FA and a positive relationship with global RD in Val/Met heterozygotes were found, but not Val/Val homozygotes ([@bib102]). These relationships were detected across the brain, but particularly in the corpus callosum, corona radiata, and superior longitudinal fasciculus. These studies suggest that higher levels of loneliness are related with compromised WM integrity, albeit in young adults.

Encouragingly, in a cross-sectional study of middle-aged adults ([@bib104]), a positive relationship was found between the diversity of a person\'s social network and FA, particularly of the anterior corpus callosum, after controlling for age, sex, education, and central adiposity. Furthermore, a longitudinal study demonstrated that increasing social activity engagement over a 3-year period was related to higher FA and lower MD in the corticospinal tract, whereas no relationship was found for MD ([@bib78]). These studies suggest that a diverse network or higher levels of social activities may protect or enhance WM integrity, but intervention studies are needed to infer causality.

5.9. Sleep disturbances {#sec5.9}
-----------------------

With age, people have more difficulty falling asleep, sleep becomes more fragmented and total sleep duration decreases. Moreover, sleep disorders are more prevalent among older adults, particularly insomnia and obstructive sleep apnea ([@bib175]). Both disorders have been associated with a decline in WM integrity ([@bib31], [@bib86]), with the internal capsule, superior longitudinal fasciculus, and corpus callosum being particularly affected in insomnia ([@bib86]). A growing body of work now also indicates that poor sleep is related to markers of lower WM integrity in nonclinical samples of older adults. Although findings vary by the sleep metric used (e.g., quality, duration), studies report that measures of poor sleep are associated with lower global FA and higher diffusivity values ([@bib9], [@bib46], [@bib74], [@bib137]). A recent longitudinal study, however, did not find evidence for a relationship between sleep complaints and changes in WM microstructure ([@bib75]). Regionally, poor sleep has consistently been related with lower WM integrity in the internal capsule, corpus callosum, forceps minor, and superior longitudinal fasciculus ([@bib9], [@bib137])---tracts that are also affected in insomnia. The effects of poor sleep on WM integrity are similar during middle age, with shorter sleep duration being related to lower FA ([@bib162], [@bib176]) and higher MD in widespread areas ([@bib176]). Interestingly, widespread decreases in FA have been detected after 1 day of sleep deprivation in young adults, indicating that poor sleep may impact on WM microstructure ([@bib40]). Conversely, it was shown that age-related WM degeneration in several tracts, including the corpus callosum, predicts a loss of characteristic oscillations of the sleeping brain (such as sleep spindles), suggesting that WM integrity may directly affect sleep itself ([@bib99]). Such a bidirectional relationship between sleep and WM could lead to a downward spiral, with poor sleep leading to lower WM integrity, that in turn affects sleep.

Studies that examine the effects of sleep promoting factors (e.g., nonpharmacological sleep therapy, medication) on WM integrity are required to further examine directionality of this relationship. Preliminary evidence for a beneficial effect of sleep improvement on WM stems from a study showing that use of sleep medication was related to higher WM integrity (i.e., FA) of the corticospinal tract and superior longitudinal fasciculus (in older adults) ([@bib46]), as well as from a study demonstrating reversal of WM abnormalities after a 12-month continuous positive airway pressure treatment in individuals with sleep apnea ([@bib29]).

5.10. Cognitive training {#sec5.10}
------------------------

Cognitive training is effective for maintaining or improving cognitive performance in the domain trained in older adults and recent studies, predominantly interventional, suggest that single- and multi-domain cognitive training has beneficial effects on WM integrity. Several studies have examined the effect of memory training on WM microstructure in older adults ([@bib37], [@bib38], [@bib41], [@bib44]), showing higher FA in the training compared with the control group after periods of 8 ([@bib41]) or 10 ([@bib38], [@bib37]) weeks of training (but see the study by [@bib44]). FA changes were observed in the anterior corpus callosum, thalamic radiation, and several association fibers, including the uncinate, inferior fronto-occipital, and superior longitudinal fasciculi. Moreover, lower or smaller increases in MD, RD, and AxD were found in the training compared with the control group ([@bib38], [@bib41]), which suggests a relative preservation of WM integrity with memory training.

Other studies have used a variety of multidomain problem-solving and logical reasoning training paradigms, lasting between 6 and 12 weeks, and showing either higher ([@bib27], [@bib30]) or no change ([@bib82], [@bib145]) in FA in the training group. One such study ([@bib30]) reported higher FA in the uncinate fasciculus in older adults after 12 weeks of gist reasoning training, but no changes in diffusivity measures. Another study ([@bib27]) showed higher AxD after multidomain cognitive training in the intervention group, and lower FA and higher MD and RD in the control group, suggesting that training preserves WM integrity. Furthermore, it has recently been shown that 3 days of object-location training results in higher FA and significantly lower MD in the fornix, but not uncinate fasciculus, of older adults ([@bib6]). Despite these promising results, however, training paradigms vary substantially between studies, sample sizes are small, and studies often lack replication, emphasizing the need for careful interpretation of results and further work in this area.

5.11. Diet {#sec5.11}
----------

An increasing body of evidence suggests that dietary factors are associated with cognitive performance, and that diets, such as Mediterranean--Dietary Approach to Systolic Hypertension, have the potential to slow cognitive decline and reduce incidence of AD ([@bib105], [@bib106]). A link between nutrition and brain structure has also been shown in older adults ([@bib173]) and, recently, DTI studies have begun to shed light on the relationship between dietary factors, primarily polyunsaturated fatty acids (PUFAs) and WM microstructure. One such study reported that higher Mediterranean diet (i.e., plant foods, fish, monounsaturated fatty acids) adherence in older adults was associated with a pattern of preserved WM integrity, reflected by higher FA and lower diffusivity (MD, RD, AxD) in widespread WM areas, including the corpus callosum, anterior and posterior thalamic radiations and inferior fronto-occipital fasciculus ([@bib115]). Another study showed that a nutrient pattern characterized by high intakes of Ω-3 and Ω-6 PUFAs and vitamin E, all of which are part of the Mediterranean diet, is related to higher global FA values ([@bib53]).

A recent study that focused on PUFAs only has shown that higher levels of a mixture of Ω-3 and Ω-6 PUFAs is related to higher FA in the fornix of older adults ([@bib180]). In addition, a randomized controlled trial of a 26-week intervention of either fish oil (Ω-3 PUFA) or placebo supplementation in older adults has shown beneficial effects of Ω-3 PUFA supplementation over placebo on WM integrity, as indicated by higher FA and lower MD and RD in the anterior corpus callosum, and the uncinate, inferior fronto-occipital, and superior longitudinal fasciculi ([@bib173]).

5.12. Meditation {#sec5.12}
----------------

Meditation has shown beneficial effects for WM integrity, although the available evidence is still sparse. In general, cross-sectional studies reported higher FA in meditators compared with nonmeditators ([@bib72], [@bib83], [@bib92], [@bib138]) or in participants who score higher on a mindfulness scale ([@bib22]). Moreover, 2 studies have examined the relationship of FA with age in meditators and nonmeditators, showing that the general age-related decrease in WM integrity (reflected by FA) was less prominent in meditators than in nonmeditators ([@bib83], [@bib91]). A recent study supports these findings by showing that higher self-reported mindfulness may preserve FA in aging individuals ([@bib22]). The beneficial effects of meditation on WM integrity have been supported by intervention studies in young adults, showing higher FA after 4 weeks ([@bib152]) and 8 weeks ([@bib62]), but not 2 weeks ([@bib152]), of mindfulness-based meditation training. Although current findings are promising, most studies have been conducted in small samples of young adults and lack insight into meditation-related diffusivity changes. On a regional level, meditators have shown higher FA in the corpus callosum, corona radiata, anterior thalamic radiation, and several association tracts (i.e., uncinate and superior-longitudinal fasciculi), tracts that are known to be affected by the aging process, although changes in other tracts have also been reported ([@bib72], [@bib83], [@bib91], [@bib92], [@bib138]). Further longitudinal studies in older adults are needed to confirm any beneficial effect of meditation on WM integrity.

6. Discussion {#sec6}
=============

6.1. Summary of findings {#sec6.1}
------------------------

In this review, we examined various modifiable factors, all highly prevalent in older individuals, that have been linked with WM microstructure. Recognized risk factors, including vascular factors, such as hypertension, diabetes, obesity and smoking, depressive symptoms, social isolation, hearing loss, as well as sleep disturbances, seem to contribute to loss of WM integrity with age. Various other lifestyle factors, including physical activity, nutrition, cognitive training, and meditation, may preserve or protect WM integrity. Furthermore, there is preliminary evidence from cross-sectional studies of treated risk factors ([Table 1](#tbl1){ref-type="table"}) and interventional studies of protective factors ([Table 2](#tbl2){ref-type="table"}) which suggests that modification of factors may impact on WM integrity.

Interestingly, a number of WM tracts seem to be particularly vulnerable to the identified (positive and negative) modifiable factors. Tracts often implicated include the anterior corpus callosum, uncinate fasciculus, superior longitudinal fasciculus, inferior fronto-occipital fasciculus, cingulum and (anterior) thalamic radiation ([Fig. 3](#fig3){ref-type="fig"}). The integrity of these tracts is known to decline with age and most of these tracts would be described as late-myelinating (e.g., genu of corpus callosum, association fibers, and thalamic radiation \[[@bib16], [@bib24]\]), which may indicate a heightened vulnerability of these tracts to modifiable factors over and above effects of age. Moreover, most of these tracts have been cited to play a role in various cognitive processes ([@bib95]), suggesting a pathway whereby changing exposure to the various factors could possibly prevent or slow age-related WM breakdown, cognitive decline, and AD risk ([@bib49]). It is important to note, however, that modification of factors may have differential effects on WM, depending for instance, on an individual\'s sex or genetic makeup.Fig. 3White matter tracts that are particularly sensitive to the identified modifiable factors. For each colored tract, factors are listed that have shown to be consistently associated with decline and/or protection of its integrity. These tracts have been implicated in various cognitive processes ([@bib95]) and their integrity typically declines with age, suggesting a pathway whereby changing exposure to the factors could possibly prevent or slow age-related WM breakdown and cognitive decline. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

6.2. Methodological considerations {#sec6.2}
----------------------------------

Substantial heterogeneity exists between studies included in this review, particularly in their designs, DTI acquisition and analysis methods. Most studies were cross-sectional in nature, and while many corrected for one or more confounding variables (e.g., age and sex), causality cannot be inferred. Furthermore, samples varied in their size and age range. For instance, cross-sectional studies investigating the relationship of hypertension with WM were well-sampled (N \> 100 in 11 of 11 studies included in this review), whereas those of smoking were small (N \> 100 in 2 of 8 included studies). Similarly, studies that focused on the relationship of sleep disturbances, social isolation, and meditation with WM integrity mainly included young adults, which limits their generalizability and warrant further study in older populations.

Although studies have shown that an advantage of DTI is its higher sensitivity to WM impairments compared with conventional MR methods (e.g., white matter hyperintensities \[WMH\]), the variety of ways in which DTI is acquired and analyzed across studies limits the extent to which findings can be compared. Although DTI measurements generally exhibit high reproducibility ([@bib88]), especially for large WM tracts ([@bib113]), heterogeneity in acquisition parameters including the field strength, b-value(s), echo time, and number of diffusion-encoding directions, can result in variability and accuracy of DTI metrics across studies ([@bib60], [@bib88]). However, another study reported low intersite variation in DTI metrics and generally high reproducibility for large WM tracts, but more variability for the smaller tracts. Of the 31 studies included in [Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"} in this review, field strength was most commonly 3T (21 studies), the b-value was most commonly 1000 s/mm^2^ (range: 700--1000 s/mm^2^ for a single b-value, 2 studies included 2 b-values: 1000 and 2000 s/mm^2^, and 2 studies did not report b-values); echo time and the number of diffusion-encoding directions ranged between 55 and 113 (median 87 ms) and 6 and 100 (median 37.5 directions), respectively. Further harmonization of acquisition protocols across studies and sites is warranted, particularly in light of recent multicentre trials. Freely available imaging protocols of big data neuroimaging initiatives such as the Human Connectome Project ([@bib160]) or UK Biobank ([@bib103]) could serve as templates and aid researchers who are in the process of deciding their imaging parameters.

Studies included in this review also varied in their DTI analysis methods. For instance, ROI approaches require specific tracts to be specified a priori---often based on previous research or hypotheses---and these have been used extensively for studies into hypertension and obesity. Even though replication of results is a good scientific practice, a focus on certain tracts only may bias tract-specific findings. Studies using whole-brain, voxelwise approaches may help reduce this bias, and could strengthen the evidence for tract-specific changes if findings were to be replicated.

In addition, differential inclusion of diffusivity metrics further limits a comparison of findings across studies. All studies included in this review reported the relationship between a modifiable factor and FA, fewer studies included MD, and only half of the studies also included RD and AxD. Although the biological interpretation of diffusivity metrics is still under debate, it is advisable to include AxD and RD given that these metrics may be more sensitive to WM changes than FA ([@bib17]) and can aid the interpretation of results.

Finally, the included studies varied in whether they controlled for the presence of comorbidities, differences in ethnicity and/or WMHs. Despite well-described relationships between risk factors (e.g., between hypertension and obesity \[[@bib127]\]), not all studies adjusted their analyses for the presence of comorbid factors, possibly biasing the findings. Furthermore, cardiovascular risk factors are more prevalent among certain ethnic groups, and some findings suggest that racial differences exist in gray and WM integrity ([@bib89]), yet only few studies have taken racial differences into account (e.g., [@bib56], [@bib124]). Although a small number of studies limited their analyses to normal-appearing WM by masking out the WMH or corrected for WMHs in their analyses, a great proportion did not take WMHs into account (\>50% of relevant studies in [Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}). The presence of WMH has an effect on DTI metrics by reducing FA and increasing MD in affected regions; controlling for WMH in the analysis may increase power and reduce bias ([@bib150]).

6.3. Future directions {#sec6.3}
----------------------

All of the included modifiable factors have a clear link with cognitive impairment and dementia ([@bib90], [@bib125], [@bib176]). Although it was outside the scope of this review to discuss in detail the relationship with cognitive performance, several studies have suggested that WM integrity may mediate the relationship between each factor and cognition. For instance, in cross-sectional studies, WM integrity was shown to mediate the relationship between cardiovascular fitness and working memory ([@bib111]), between obesity and executive functions ([@bib184]), and between dietary nutrient intake and memory, language, and executive functions ([@bib53]). In an interventional setting, exercise-induced FA increases were not related to improvements in working memory ([@bib164]), whereas memory training induced WM changes were related to memory improvements ([@bib38], [@bib41]). Further examining the possible mediating role of WM integrity in such relationships would be of great interest to the field.

While DTI is sensitive to changes in WM microstructure, it lacks specificity to specific features of WM tissue. Recently, more advanced diffusion MR modeling techniques have been developed ([@bib2], [@bib69], [@bib109], [@bib110]) that may provide additional information about tissue microstructure (see also [Supplementary Material](#appsec1){ref-type="sec"}). The diffusion-based techniques are not without limitations ([@bib110]), but allow one to link diffusion MR signals to parameters that characterize tissue properties, such as the intravoxel fiber dispersion or axonal volume fraction. Recently, one such method, White Matter Tract Integrity, has shown changes in extra-axonal diffusivities with increasing age, suggesting that myelin breakdown may be driving age-related WM breakdown ([@bib16]). White Matter Tract Integrity has been validated and has shown great promise for clinical applications ([@bib69]), but has, to the best of our knowledge, not been used to study modifiable factors. By contrast, another biophysical model, neurite orientation dispersion and density estimation, has shown that hypertension is related to lower density of WM axons ([@bib149]). Several other diffusion models have been developed that could further help interpret different biological mechanisms ([@bib69]). Moreover, other nondiffusion methods may also be used to study microstructural features, such as magnetization transfer for myelin. Future studies should consider using novel biophysical models to explore WM tissue microstructure, as well as combining such techniques with other modalities ([@bib2]) to increase our understanding of the underlying biological changes with modification of risk factors.

For some modifiable factors, the field is arguably reaching a turning point at which studies can begin to play a greater role in informing public health conversations regarding why targeting a modifiable factor is recommended. While, historically, the neuroimaging literature has contributed minimally to guidelines on hypertension ([@bib66]), physical activity ("[@bib117]), and sleep ([@bib61]), the recent Global Council on Brain Health Expert Consensus on Physical Activity stated that "Based on randomized controlled trials, people who participate in purposeful exercise show beneficial changes in brain structure and function" ([@bib47]). For the DTI field to impact on initiatives such as the Global Council on Brain Health, careful intervention studies that examine changes in WM microstructure on modification of a factor are needed to strengthen the evidence-base around causality.

The extent to which the DTI literature can inform public health conversations regarding how a modifiable factor should be targeted (e.g., by indicating the minimum amount of sleep recommended for brain health; the optimal frequency, intensity, and type of physical activity) is currently limited. However, the advent of studies such as UK Biobank ([@bib103]), which will scan 100,000 participants, and data sharing initiatives such as Dementia Platforms UK ("Dementias platform UK," n.d.), mean that there is great potential for harmonization of DTI measures across studies. Meta-analyses could further help synthesize findings ([@bib54]) to inform public health discourse and give direction to research. However, to the best of our knowledge, a meta-analysis related to DTI has so far only been published for late-life depression ([@bib168]).

Finally, although examining modifiable factors independently is vital to elucidating mechanistic pathways and establishing dose-response relationships, it is likely the combination of multiple factors that determines the integrity of the WM in older adults. Many factors coexist ([@bib90], [@bib167]), and while most studies aimed to examine the direct effects of individual factors, usually by treating (some) of the other factors as nuisance variables, various approaches have been used to examine the direct, indirect, and/or joint effects of multiple factors. Some studies, for instance, recruit participants based on the presence of one or multiple factors and compare WM integrity between the groups. This approach has been used to study the relative contribution of obesity and diabetes to WM integrity ([@bib159]); by comparing obese diabetic, obese, and lean participants, it was shown that reduced WM integrity in obese diabetics may be largely explained by BMI rather than by the presence of diabetes. An alternative approach is to use statistical models, such as mediation analysis by regression or structural equation modeling ([@bib161]), to examine the direct and indirect relationships between factors. While the use of mediation models in cross-sectional studies relies on certain assumptions ([@bib161]), this approach has been used to show that obesity may affect WM integrity directly, as well as indirectly through elevated blood pressure ([@bib4]). A third approach is to examine the joint relationship of the presence of several factors with WM integrity. Using this approach, it has been demonstrated that co-occurrence of vascular risk factors is associated with greater decline of WM integrity (i.e., lower FA values) ([@bib34], [@bib97], [@bib167], [@bib171]) and that hypertension, smoking, and diabetes each have unique contributions to lower WM integrity ([@bib34]). Observational studies that assess multiple risk and protective factors will allow a greater understanding of how factors interact, and their relative importance. Indeed, as effect sizes have often not been reported and may be small ([@bib137]), it is multidomain interventions that may hold most promise for studies with the primary aim of improving WM integrity in aging populations.

7. Conclusion {#sec7}
=============

Decline in WM structure is a key hallmark of the aging brain, and an established risk factor for dementia, stroke, and mortality ([@bib39]). Various factors have been shown to modulate the integrity of the WM during the aging process. Vascular risk factors, such as hypertension, diabetes, obesity, and smoking, as well as depressive symptoms, hearing loss, social isolation, and sleep disturbances, have been related to a loss of WM integrity. Conversely, a higher level of physical activity, a healthy diet, cognitive training, and meditation, appear to protect WM integrity. Encouragingly, preliminary evidence from cross-sectional and intervention studies suggests that successful modification of factors may impact on WM integrity, and this literature may contribute to public health initiatives going forward.
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[^1]: Key: AxD, axial diffusivity; AR, acoustic radiation; CC, corpus callosum; CIN, cingulum; CPAP, continuous positive airway pressure; CR, corona radiata; CST, corticospinal tract; CSVD, cerebral small-vessel disease; CT, cognitive training; DTI, diffusion tensor imaging; EC, external capsule; ECT, electroconvulsive therapy; FA, fractional anisotropy; Fmin, forceps minor; FNX, fornix; IC, internal capsule; ICV, intracranial volume; ILF, inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; MD, mean diffusivity; MDD, major depressive disorder; RD, radial diffusivity; ROI, region of interest; SLF, superior longitudinal fasciculus; ST, stria terminalis; TBSS, tract-based spatial statistics; TR, thalamic radiation; UF, uncinate fasciculus; WMH, white matter hyperintensities.

[^2]: Key: AD, axial diffusivity; AR, acoustic radiation; CC, corpus callosum; CR, corona radiata; CRT, corticospinal tract; CT, cognitive training; DTI, diffusion tensor imaging; FA, fractional anisotropy; IBMT, integrative body-mind training; IC, internal capsule; ILF, inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; MD, mean diffusivity; RD, radial diffusivity; ROI, region of interest; SLF, superior longitudinal fasciculus; TBSS, tract-based spatial statistics; TR, thalamic radiation; UF, uncinate fasciculus.
